ABSTRACT Cluster of small unmanned aerial vehicles (SUAVs) has become a subject of significant interest as a hopefully low-cost solution for the high-threat environment during modern warfare. Therein, the most fundamental issue is the cooperation control problem of these SUAVs. Moreover, it is still an open problem that how to control such a complex system flying as a flock while following an expected trajectory. In addition, how to organize the individuals belonging to one system is really a great challenge for large-scale systems. Since leader-follower structures widely exist in nature among the social animals, one leader-follower structure is introduced for effective organization of the large-scale cluster. A distributed and simplified flocking algorithm is proposed to enable the followers to fly in a cohesive configuration under the guidance of the leader and avoid collision with each other. The distributed protocol of the follower is proposed by just relying on the position-related measurement and the attitude-angle measurement in favor of the convenient engineering application. Numerical simulations are provided to illustrate the effectiveness of the cooperation approach for large-scale clusters of the SUAVs.
I. INTRODUCTION
The deployment of large-scale unmanned aircraft systems for autonomous cluster cooperation flight brings new potential applications in the military field. In particular, the Small Unmanned Aerial Vehicles(SUAVs) are deemed to be a hopefully low-cost solution during modern warfare under highthreat environments, owing to its significant advantage in complicating the engagement of their adversaries.
Cooperation control of large-scale SUAVs is the most fundamentally methodological issue for the realization of their cluster cooperation flight. Research interest in cooperation control of Unmanned Aerial Vehicles(UAVs) has shown an increase in the field of control and aviation [1] - [7] . There are mainly five issues in UAVs' cooperation control: hardware and interaction [8] , [9] - [11] , aerial surveillance and tracking [12] , [13] , collision and obstacle avoidance [14] , formation reconfiguration [15] , and high level control [16] , [17] . Therein, the choice of the control methodologies and the interaction requirements must be considered simultaneously because they are strongly coupled [16] .
Flocking is an issue strongly related to the cooperation control protocol of the SUAVs. The flocking problem of multi-agent system has been extensively investigated in the past years by following the seminal work of Reynolds [18] . Flocking is such a form of extraordinary collective animal behavior that emerges from simple local rules of interactions among the individuals. The flocking behavior of each individual owns three essential properties, including velocity alignment, flocking center, and collision avoidance [18] .
In recent years, various novel methods have been developed to solve the flocking problem. For example, the model predictive control method was used to solve the flocking problem of multi-agent systems only based on the position measurement, but obstacle avoidance and connectivity preservation were not considered [22] . Considering Reynold's three rules of flocking, a linear model predictive control method was studied to implement multiple formations of UAVs in simulation and flight tests, but there wasn't any theoretical analysis [23] . The sliding mode control method was also applied to solve the flocking problem but only involved the altitude and heading angle alignment of UAVs [24] . Therefore, this paper aims at systematically proposing an methodology, by which the connectivity preservation problem, the alignment problem, the flocking center problem, and the collision avoidance problem can be handled simultaneously for large-scale systems. Definitely, several systematical research results on three-dimensional flocking of scale-free systems have been given in [25] and [26] . However, these literatures usually focus on designing rigorous coordination algorithms based on simple kinematic models, which may lose efficiency when are applied to specific application objects, such as UAVs. In this paper, we try to do research on the flocking problem based on a kinematic model considering more nonlinear characteristics of SUAVs than the proposed literatures, in order to shorten the gap between theoretical results and engineering applications.
The nearest neighbor interaction has already been observed among flocks of animals in nature. Thus, many solutions of flocking problem employ the nearest neighbor interaction, which can be summarized into two categories. One category requires each agent equipped with vision sensors to be capable of measuring the relative collision-time, relative optical flow, and relative bearing to its nearest neighbors [27] , [28] . The second category uses ultrasound, gyroscope, and other sensors to obtain the relative physical distance and relative attitude angle between each agent and its neighbor. Although the first category seems more biologically plausible, it is can only be used when the distance between each pair of agents is short enough to get a clear vision for information collection, and it also suffers from the environment conditions, such as the light. For the second interaction category, there are two kinds of distances, topological distance and physical distance [26] . Biologists have found that the chimney swift flock is structured by local rules on the basis of physical distance [29] . Therefore, the physical distance is adopted to design the interaction mechanism in this paper. Moreover, a neighbor selection procedure is also considered to endow the coordination algorithm with scale-free capability [25] , [26] . This paper focuses on solving the proposed problems from the view point of the flock of bees. One common scenario is that bees launch intensive attack on the same target in droves. This tactic mainly considers the case that there is not any leader in the colony. And this phenomenon is named as leaderless flocking. However, some other populations emphasize the role of the leader in the colony, who knows the migration route of the colony or the location of the food source. This phenomenon is usually called as migrating flocking or leaderfollower flocking. Although the leaderless flocking system is capable of reaching a consistent behavior finally, the stable trajectory of the whole system cannot be adjusted, not to mention being controlled accurately. Fortunately, the migrating flocking can skillfully avoid this awkwardness by introducing the influence of the human into the system, and thus seems to have more vast potentials for future development in engineering practice. In fact, the migrating flocking problem has been discussed in the field of cooperation control of the wheeled mobile robots [19] and the underwater robots [20] , [21] , but these jobs were just limited to the two-dimensional space.
The three-dimensional migrating flocking problem of firstorder integrator model has been studied and the velocity of the leader is constant [27] , [28] , while in this paper, the threedimensional migrating flocking problem of extended secondorder unicycle model will be discussed in details and the velocity of the leader is variable with time, which denotes the desired trajectory of the whole system. Both the interaction mechanism and the control protocol are designed for the purpose of the simplification of the engineering practice. Based on the previous flocking algorithm [30] , the control protocol is improved through taking out the direct velocitymeasurement term. The control protocol is still a distributed algorithm, which is just related to the position-related measurement and the attitude-angle measurement. Both theoretical analysis and simulation validation are delivered to solve the migrating flocking problem of large-scale SUAVs with only one leader.
We organize the remainder of this paper as follows. The kinematic equation of each SUAV is described in section II, and the communication mechanism among the SUAVs is also given. Section III formulates and analyzes the threedimensional cluster flight problem of large-scale SUAVs under the guidance of only one leader SUAV. Section IV shows the simulation results to verify the effectiveness of the proposed solution. Finally, we conclude this paper in section V.
II. MODEL A. SUAV MODEL
The three-dimensional motion of each SUAV is usually divided into the lateral motion channel and the vertical motion channel. The vertical channel is closely related with the pitch angle, while the lateral channel is coupled with two control channels including the yaw angle and the roll/sideslip angle. The roll angle is supposed to be obtained from the lateral channel by adjusting autopilot of SUAV from other state parameters. Thus, the roll angle is not involved in the model for simplification. The system under consideration consists of N SUAVs. Then, the state of SUAV i at time t can be expressed by its position vector p i (t) = [x i (t), y i (t), z i (t)] T and its attitude-angle vector [θ i (t), φ i (t)] T , where x i (t) is the x-axis coordinate of the position of SUAV i, y i (t) is the y-axis coordinate of the position of SUAV i, z i (t) is the z-axis coordinate of the position of SUAV i, yaw angle θ i (t) ∈ [−π, π), and pitch angle
T is also applied for describing the lateral motion, where υ i (t) is the forward speed, l i is a positive constant that denotes the distance between mass center and geometrical center of SUAV i, VOLUME 6, 2018 and ω i (t) is the rotational speed satisfying
T be the control input of the SUAV i, where a i (t), b i (t), and c i (t) respectively denote the forward acceleration, the rotational acceleration, and the pitch acceleration.
Then, the simplified kinematic model of SUAV i can be obtained by [30] .
where
The definitions of t i (t) and n i (t) are respectively
and
Obviously, t i (t) and n i (t) are a couple of orthogonal unit vectors.
B. LEADER-FOLLOWER STRUCTURE
Consider the simplest case, only one leader-SUAV exists. Both the leader and the followers own the characteristics of low-cost, flexible, easy to be carried/launched, and typical flying capability in three-dimensional space. L = {1} denotes the leader-SUAV set, and F = {2, · · · , N } denotes the follower-SUAV set. The leader-SUAV is dominated by the external input, such as the commands coming from the operators or the ground station. The behavior of the follower-SUAV is only influenced by the state information of its neighbors [21] , including the leader-neighbor and the follower neighbors. Follower i's neighbor set is expressed by N i (t), i ∈ F. The initial value of N i (t) is defined as
, D is a constant, and • is the Euclidean norm. The safety zone of each SUAV is taken as a sphere, whose radius is R. Then, 2R is the safe distance between any two SUAVs. It should be noted that D > 2R. Besides, the individual differences are considered among the SUAVs, that is to say, l i may not equal to l j , for
C. COMMUNICATION MECHANISM
Similar to the flocks of the bees, each SUAV doesn't communicate with all of the other SUAVs of the system, but just receives the position and attitude-angle information of its nearest neighbors. This communication mechanism is named as the nearest neighbor rules [31] . Because the leader-SUAV is steered only by the external control input, the behavior of the leader-SUAV will not be influenced by any other SUAVs. However, the behavior of the follower-SUAV will be influenced by the position and attitude-angle information of its neighbors, no matter the leader-SUAV or the follower-SUAV. Thus, the communication network ξ (t) of the SUAV system is definitely a dynamic directed graph consisting of a vertex set ν = {1, · · · , N } and a time-varying edge set
A graph is said to be leader-follower connected if and only if at least one directed path exists from the leader to each follower [21] . The initial communication network ξ (0) of the SUAV system is supposed to be leader-follower connected.
which is introduced to draw the neighbor relationship.
Assume that the communication network ξ (t) switches at t p , p = 1, 2, · · · . The switch condition satisfying the following hysteresis [21] .
According to the definition of the neighbors of the followers, the leader may be one neighbor of a follower. As mentioned above, it is obvious that the followers' interaction topologyξ (t) is an undirected graph with vertex set F and edge
of the graphξ (t) is introduced to clarify the followers' neighbor relationship as follows
III. PROBLEM FORMULATION AND STABILITY ANALYSIS A. PROBLEM FORMULATION
In fact, the three-dimensional migrating flocking problem of large-scale SUAVs can be formally described by discussing the effect of an external SUAV (namely the leader-SUAV) on the flocking behavior of a group of SUAVs (namely the follower-SUAVs). All variables are time-variant in this paper. For short, we may use p i instead of p i (t) in the following sections.
Given the trajectory of the leader-SUAV, we focus on developing such a distributed control algorithm that enables follower-SUAVs to fly in flocks under the guidance of the leader without collisions. Based on the above description, the cluster flight control of the SUAVs with the leaderfollower structure can be formulated as follows. 
B. CONTROL ALGORITHM DESIGN
Suppose that the leader-SUAV flies with constant pitch angle and constant speed. That is, φ 1 , υ 1 , ω 1 are all constant, and φ 1 > 0 and ω 1 = 0. Thus, the control protocol of the leader-SUAV is
where 0 denotes the zero vector. Inspired from the flocks of the bees, a flocking algorithm has been proposed for multiple UAVs to realize the three-dimensional leader-less flocking [30] . The distributed control protocol is decided by the relative position information, the relative attitude-angle information, and the relative velocity information. These relative information is obtained by sensors installed on the UAVs. However, the solution needs to be simplified in further for the purpose of reducing the cost and the complexity of the system. A new distributed control protocol is proposed by just relying on the relative position information and the relative attitude-angle information.
Definition 2: Potential V ( p ij ) is a differentiable, nonnegative, radially unbounded function of p ij , such that
attains its unique minimum value if and only if
p ij is the same as the desired value, which is larger than 2R * and is smaller than 2D.
In addition, we give the definition of the total potential by
Then, a simplified migrating flocking algorithm is introduced as the control input of the follower i
where ∇ denotes the gradient. Both the relative positionderivative term and the relative velocity term between neighbors are needed in the flocking algorithms proposed in [21] and [30] . However, the relative velocity term is no longer needed at all in the proposed protocol (9).
C. STABILITY ANALYSIS
So far, the main results on the cluster flight control problem of large-scale SUAVs flying in three-dimensional space under the guidance of one leader can be presented as follows. Theorem 1: Consider a system of N SUAVs with one leader. Each individual is governed by (1) . The trajectory of the leader-SUAV is steered by the control protocol (7), while the behaviors of the follower-SUAVs are controlled by the distributed control algorithm (9) . Given that the initial communication topology ξ (0) of the SUAVs is leader-follower connected. The system converges to the following statements 1. Communication topology is connected at all times. 2. Speeds and attitude-angles of each follower-SUAV are consistent with those of the leader-SUAV. 3. Total potential V is minimized.
Neighbors can avoid collision with each other.
Proof :
Define that (9) can be further expressed bẏ
Since w i1 is constant and q 1 = [υ 1 , ω 1 l 1 ] T is a constant vector, one obtainsq i =q i . Then, it is easy to come to a conclusion thaṫ
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Withφ i =φ i − w i1φ1 =φ i , one obtainṡ
where = l 2 i i∈F j∈N iθ i (θ i −θ j ). (15) Since w 11 = 1 and (10), we havė
According to (10) , (12), and (13),
dE dt can be simplified as
Owing toφ 1 = 0, we have
Similarly, becauseṗ 1 = 0, one gets
where I 3 is the 3 × 3 identity matrix, andp
The initial energy E(p(0),q(0),θ (0),φ(0)) of the SUAVs is bounded, since their initial speeds are bounded and their initial attitude-angles are also bounded. We have proved that dE/dt ≤ 0 for [t r , t r+1 ), r = 0, 1, · · · . Therefore, the initial value E(p(0),q(0),θ (0),φ(0)) of E(t) is obviously its supremum. Moreover, the potential V ( p ij ) is also bounded.
1) CONNECTIVITY PRESERVATION
Suppose that p ij → 2D for a certain (i, j) ∈ ε. On the basis of rule (2) in Definition 2, we have
which goes against that V ( p ij ) remains bounded. Thus, one gets
for all (i, j) ∈ ε and t ∈ [t r , t r+1 ). Furthermore, we can conclude that
Assume that we add one edge (i, j) / ∈ ε to ε. Then we have p ij (t) < D, and further obtain that
Therefore, the associated potential V ( p ij ) is definitely bounded. The new potential energy V is also bounded. Since the initial communication topology of the system is leader-follower connected, the communication network of the system is connected at all times.
2) VELOCITY MATCHING
Let ξ c be the set of all the leader-follower connected graphs. The initial communication network of the SUAVs is defined as ξ 1 . Then, the switching topologies ξ r+1 within [t r , t r+1 ) satisfy that ξ r+1 ∈ ξ c . Since the amount of the vertices is finite, ξ c is finite too.
Suppose that m r new edges are added to the communication network at switching time t r , r = 1, 2, · · · , and at most M new edges can be added to ξ 1 . It is clear that 0 < m r ≤ M and r ≤ M . Consequently, ξ (t) becomes constant finally due to the finite amount of switching times. Assume that the final switching time is t f . Then, we restrict the following discussions on the time interval [t f , ∞).
With D p = {p| p ij ∈ (0, 2D), ∀(i, j) ∈ ε}, the set B is given by
which is positively invariant. Because ξ (t) is connected, we have
for all i and j. Due to
one getsq
That is to say,
Moreover,θ i ∈ [−2π, 2π ) andφ i ∈ (−π, π). Thus, the set B is compact.
The SUAV system (1) is autonomous on time interval [t f , ∞). Then, based on the LaSalle-Krasovskii invariance principle [32] , the followers are going to converge to an invariant set S = {p,q,θ ,φ|dE/dt = 0}.
Clearly,
for i ∈ F and j ∈ N i . Moreover, one getŝ
for i ∈ N l . Withφ 1 (t) = 0, one gets
If j / ∈ N l , one gets φ j = 0, implying that SUAV j flies on the horizontal plane. The pitch angle of some neighbor SUAV i is dependent on that of leader-SUAV, which is nonzero (φ 1 = 0). Hence, the pitch angle of SUAV j cannot be stable at zero. Therefore, only j ∈ N l is reasonable. That is to say, follower-SUAVs asymptotically approach to a configuration that the leader is a neighbor of each follower, that is, N l = F.
Similarly, above discussion applies toṗ i =ṗ j . Above all,
With (1) and φ i = φ 1 ,ṗ i =ṗ 1 equals to
Since υ 1 = 0, φ 1 = 0, and
from υ i sin φ 1 = υ 1 sin φ 1 . And cos φ i = 0 for i = 1, · · · , N . Then (39) can be rewritten as
With υ 1 = 0, ω i = 0, and l i = 0, we thus have
In further, it is easy to get
So far, the speeds and the attitude angles of each follower asymptotically converge to those of the leader.
3) COHESION FLOCKING
Due toq 1 = 0 and q i = q 1 , we havė
Withθ i (t) =θ j (t) andṗ i =ṗ j ,q i = 0 is rewritten as
Since t i and n i are orthogonal to each other, (45) is simplified as
Furthermore, one gets
which can be further rewritten as
N l = {i|w i1 = 1, i ∈ F} denotes the set of the followers who have a leader neighbor. VOLUME 6, 2018 Owing to
where N l = F. According to (46) and (49), we conclude that the total potential is minimized.
4) COLLISION AVOIDANCE
Based on the rule (1) of Definition 2, it obtains that
However, V ( p ij ) → ∞ goes against the conclusion that V ( p ij ) remains bounded. Thus, p ij > 2R * . Then, we have
whose upper bound value is p * ij max = 2 q 1 (t r+1 − t r ) on the time-interval [t r , t r+1 ). Due to
one gets p ij > 2R * − p * ij . As long as the minimum value of 2R * − p * ij is not less than 2R, then UAVs can avoid collision with each other, which means that
Thus, we have
Then, provided that the leader flies with such a speed that satisfies the following constraint condition
SUAVs can avoid collision with each other.
IV. SIMULATION RESULTS
In this section, fifty SUAVs are employed to implement the migrating flocking task on MATLAB. In this task, fifty SUAVs under the proposed flocking algorithm converge to flying as a flock while following the expected trajectory.
One of the SUAV is taken as the leader, whose trajectory is considered as the desired trajectory of the whole system. The other forty-nine SUAVs are taken as followers. Furthermore, the initial states of the SUAVs are generated randomly, on condition that the initial communication topology of the SUAVs is leader-follower connected. The design of the potential function is one of the difficulties for flocking tasks. The potential function usually consists of two parts. One is the attractive potential term, the other is the repulsive potential term. The specific potential function is given by
where a ∈ R + denotes the coefficient of the attractive potential, b ∈ R + expresses the coefficient of the repulsive potential. Here, a = 625, b = 1, D = 30, R * = 0.52, and R = 0.25. The simulation time is 100s, and the time-interval is t r+1 − t r = 0.1s, r = 1, 2, · · · . According to (55), if R * and R is fixed, the time-interval is larger, the maximum value of q 1 is smaller.
The SUAVs usually have limited onboard capacities. Thus, information under processing may increase at a high rate of speed following with the increase of the number of the agents belonging to one system, which is the main block to stop many coordination algorithms from expending to largescale system. Our interaction mechanism displays the scalefree correlation on information exchange between neighbors. The communication radius D is an important factor closely related to the onboard computation capability of each SUAV. Suppose that a, b, and R * are fixed, since the decrease of D is much faster than the decrease of the equilibrium distance decided by (56), we can easily decrease the number of the neighbors for each SUAV by reducing the value of D. Here, the equilibrium distance refers to the minimum value of V ( p ij ) mentioned in rule (3) of Definition 2.
The simulation results are shown in Fig. 1, Fig. 2 , and Fig. 3 . Each UAV's initial position is denoted by the green star point (see Fig. 1(a) ), while each SUAV's final position at time t = 100s is expressed by the colorful ball (see Fig. 1(b) ). In Fig. 1(a) , the bold red-line is the trajectory of the leader-SUAV, while the other ordinary color-lines denote the trajectories of the follower-SUAVs. It is clear to see that forty-nine follower-SUAVs with random initial conditions asymptotically converge to flying in flocks together with the leader-SUAV just on condition that the initial communication topology of the system is leader-follower connected. Fig. 1(b) shows more details on the final cohesive configuration of the fifty SUAVs at time t = 100s, where these SUAVs are flying with a fixed relative-position relationship. Fig. 2 gives the differences of the speed and attitudeangle between leader and followers, which converge to be zero finally. That is to say, the follower-SUAVs under the control protocol (9) track the leader's speed and attitudeangle. Fig. 2(a) gives the difference value of yaw angle between the forty-nine follower-SUAVs and the leader-SUAV versus time. Fig. 2(b) shows the difference value of the pitch angle between the forty-nine follower-SUAVs and the leader-SUAV versus time. Fig. 2(c) presents the different value of forward speed between the forty-nine follower-SUAVs and the leader-SUAV versus time. Fig. 2(d) draws the difference value of rotational speed between the forty-nine followerSUAVs and the leader-SUAV versus time. To some extent, the communication radius D influences the rate of convergence for the system. Larger communication radius causes faster convergence of the system, but requires more onboard computation capability of the SUAVs. Therefore, we need to balance the rate of convergence and the hardware cost according to the specific project.
Besides, Fig. 3 shows the distances between any two SUAVs during the evolution process, which indicates two conclusions. One is that there is no collision between any two SUAVs, since the distances between any two SUAVs are all larger than 2R. The other is that the distances between any two SUAVs become stable finally, that is to say, the stable flocking configuration has been developed. Therefore, we conclude that the behavior of the leader is capable to guide the behaviors of the follower-SUAVs.
V. CONCLUSION
We have given a kind of systematically design methodology, by which the three-dimensional migrating flocking problem of large-scale SUAVs can be resolved effectively. Consider that each SUAV governed by an extended second-order unicycle flies in three-dimensional space and obeys the nearest neighbor rules, a feasible distributed cooperation protocol is proposed just by relying on the position-related measurement and the attitude-angle measurement. Besides, constraint conditions for the leader-SUAV are also given to avoid the collision between any two SUAVs. Given that the initial communication network of the large-scale SUAVs is leaderfollower connected, LaSalle-Krasovskii invariance principle and graph theory are applied to prove the stability of the SUAV system. Numerical simulations are performed on fifty SUAVs to validate the effectiveness of the proposed algorithm for the cluster of large-scale SUAVs.
